New Hofmann-type complexes in the form of M(4-Chpy) 2 Ni(CN) 4 [where 4-Chpy = 4-(3-cyclohexen-1-yl)pyridine and M = Ni, Co] were prepared in powder form, and their infrared spectra are reported in the range of 4000 -400 cm −1 . The spectral findings suggest that these compounds are similar in structure to the Hofmann-type complexes, and their structure consists of polymeric layers |M-Ni(CN) 4 | ∞ with the 4-(3-cyclohexen-1-yl)pyridine molecule bound to the metal atom (M). PACS: 33.20.Ea, 33.20.Tp, 
Introduction
Hofmann-type host structures are defined by the general formula M(L 2 )Ni(CN) 4 [1, 2] . In this host structure L 2 corresponds to a pair of monodentate ligand molecules and M is a divalent transition metal. Based on this structure, metal(II) tetracyanonickelate complexes have been developed using N-donor ligands such as ammonia [3] and pyridine [4] ; O-donor ligands such as water [5] , dimethylformamide [6] and dioxane [7] and the S-donor ligand dimethylthioformamide [8] . In this study we prepared M(4-Chpy) 2 Ni(CN) 4 complexes (abbreviated hereafter as M-4-Chpy-Ni), where M = Ni or Co, for the first time, and the spectral properties of them were investigated in the IR region.
Experimental
All chemicals used were reagent grade (Merck), and they were used without further purification. The complexes M(4-Chpy) 2 Ni(CN) 4 (M = Ni and Co) were prepared as follows: first 1 mmol of MCl 2 was solved in distilled water, then to this solution 1 mmol of K 2 Ni(CN) 4 , solved in distilled water, was added under stirring. After a short time slightly more than 2 mmol of 4-Chpy were dropwise added to the mixture, again 0932-0784 / 05 / 0700-0532 $ 06.00 c 2005 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com under stirring. The final mixture was left for stirring for about a week at room temperature. The obtained product was filtered and washed with water, ethanol and diethyl ether successively and dried in a desiccator which included P 2 O 5 . Infrared spectra of the complexes as nujol mulls and KBr discs were recorded at 4000 -400 cm 
Results and Discussions
The infrared spectra obtained for the M(4-Chpy) 2 Ni(CN) 4 (M = Ni and Co) complexes are compatible with each other. This shows that the compounds have analogous spectral features. As an example the spectrum of Ni(4-Chpy) 2 Ni(CN) 4 is shown in Figure 1 . The spectral analysis of each compound was performed taking into account the Ni(CN) 4 ions and 4-Chpy molecule individually for convenience, explained below, starting with the Ni(CN) 4 group vibrations. 
Ni(CN) 4 Group Vibrations
If the unit cell has D 4h symmetry, seven normal modes of vibration are expected in the vibrational spectrum. Four of them are infrared active, and the others are Raman active. The infrared active vibrational modes are E u υ(CN), E u υ(Ni-CN), A 2u π(Ni-CN) and E u δ (Ni-CN), through which the sheet structure data were explained.
Assignments of the bands for the Ni(CN) 4 ion in the spectra of the present compounds were carried out through vibrational data of the Ni(CN) 2− 4 ion in NaNi(CN) 4 reported by McCullough et al. [9] . Since the ion is not coordinated to cations [9] , it can be treated as an isolated unit. Therefore we used it as reference for finding out whether coordination to the metals M is taking place. The assignments of the vibrational bands for our complexes are given in Table 1 along with McCullough et al.'s data.
At first place the vibrational frequencies of the Ni(CN) 4 ion in the complexes are shifted compared to the isolated unit. Similar frequency shifts have been observed for Hofmann-type complexes [10 -13] . The shifts arise from the mechanical coupling of the internal modes of Ni(CN) 4 with metal atoms as both ends of the CN group are bound to transition metal atoms. Accordingly, the shifts observed in the complexes can [9] . vs, very strong; s, strong; sh, shoulder.
be attributed to the mechanical coupling of the internal modes of Ni(CN) 4 with a metal atom.
Another spectral feature is related to the characteristic υ(CN) and δ (NiCN) frequencies. The frequencies are similar to Hofmann-type complexes [10 -13] . The similarity shows that the |M-Ni(CN) 4 | ∞ layers have been preserved. The presence of just one IR active E u υ(CN) stretching vibration in both spectra indicates that the local symmetry around the nickel atom is D 4h .
4-(3-Cyclohexen-1-yl)pyridine Vibrations
To the best of our knowledge the vibrational assignments of the 4-Chpy molecule have not yet been reported. Therefore the spectral features due to the ligand molecule in the complexes were evaluated through the measured IR vibrational frequencies of the free ligand molecule. The vibrational frequencies for the free ligand were tabled according to vibrational frequencies of cyclohexene [14, 15] and pyridine [10] , since the ligand molecule consists of both molecular structures. Additionally, normal mode frequencies of 4-Chpy (in gas phase) have been calculated at the b31yp/6-31g(d) level by using the package Gaussian 98 [16] . The calculated and measured IR data for the free molecule and the ligand molecule of the 4-Chpy in the complexes, together with the data for the cyclohexene and pyridine molecules, are given in Table 2 .
The studies regarding Hofmann-type complexes [10 -13] and also the Hofmann-type clathrates [17 -19] manifest that typical spectral features of coordinations are frequency shifts of ligand molecules in complexes compared to free ligand molecules resulting from the ligand molecule complexed to the metal atom. As well as these shifts, small shifts also take place due to changes in the environment.
As can be seen from Table 2 , the vibrational frequencies of the 4-Chpy molecule generally increase on complexing. However, among the vibrational modes the modes attributed to the pyridine molecule are more strongly perturbated. The strong band at 1600 cm −1 is shifted to 1614 cm −1 as an intense band. Another strong band at 1435 cm −1 shifts to 1440 cm −1 for Ni-4-Chpy-Ni, and to 1461 cm −1 for the Co-4-Chpy-Ni compounds. A shift takes place for the medium band at 1220 cm −1 around 8 cm −1 . The medium band at 999 cm −1 shifted to 1023 cm −1 for Ni-4-Chpy-Ni and to 1022 cm −1 for Co-4-Chpy-Ni. Similar upward shifts are also observed for the vibrational band of the ligand molecule in the frequency range from 457 to 818 cm −1 . The observed general increase of the vibrational frequencies is consistent with the Hofmann-type complexes of pyridine molecules reported in [10] . The upward shifts in frequencies were explained in terms of coupling of the internal vibration of the ligand molecule with M-N vibrations [10 -13, 17 -19] . In this respect, the strong perturbation of the pyridine molecule together with the general increase in vibration frequencies indicate that the pyridine molecule within the 4-Chpy ligand molecule is complexed to the metal atom. Regarding the cyclohexene molecule, the vibrational bands of the molecule possess small shifts. This shows that the molecule causes the environmental changes on complexing.
As a result, the similarities of the spectral features found for the present compounds with the Hofmanntype complexes let us conclude that the compounds presented in this study are further examples of Hofmann-type complexes.
